Abstract-A new method for measuring the pressure reflection coefficient in a buffer rod configuration is presented, together with experimental results for acoustic measurements of the liquid density, based on the measurement of the liquid's acoustic impedance. The method consists of using 2 buffers enclosing the liquid in a symmetrical arrangement with a transducer fixed to each buffer. One of the transducers is used in a pulse-echo mode while the other transducer operates as a receiver. The echo amplitudes leading to the pressure reflection coefficient as found by this method possess advantages such as reduced attenuation due to a shorter liquid transmission path and reduced interference, as compared with the ABC method. Measurements with distilled water and with special density calibration oil qualities have been performed using both the new method and the ABC method and are shown for the new method to give a density span within 0.15% of the reference values. A comparison of the measured densities based on both a time-domain and a l 2 -norm frequency domain integration signal processing approach is given, along with a recommendation as to how the signal processing should be performed.
I. Introduction
D ensity is a material property of utmost importance in many fields, such as the process industry in general, and also for fiscal use. Applications are in such diverse fields as flow measurement, fluid characterization, biomedical diagnostics, process control in industry, and quality control in the food and beverage industry. The liquid density measurements by acoustic methods are mainly performed by use of the acoustic impedance Z and the compressional wave sound speed c by use of the relation Z = ρc. The acoustic impedance is normally found by use of the pressure reflection and transmission coefficients at the interface between a reference material and a liquid sample.
A simple and well-known method for obtaining the pressure reflection coefficient R (named just reflection coefficient for simplicity) is to use a transducer in pulse-echo mode with the transducer element fixed to a buffer. Then, during the calibration phase, 2 measurements are needed. One is performed in air and a second measurement is performed with liquid inserted between the buffer and a reflector [1] - [3] . This method requires frequent calibration due to thermal drift and aging of the electronics and sensor components. A reference acoustic path would reduce such problems, because part of the transmitted signal would be available for automatic calibration purposes. Papadakis [4] developed the ABC method for measuring the acoustic impedance and the attenuation in solids based on a triple-echo buffer rod approach where the reflection coefficient is obtained from the measured amplitude ratios. However, this approach may be prone to severe attenuation of the third echo signal because it has traversed the sample 4 times along with the possibility of interference effects of the echo signals from the ring-down in the buffer or from mode converted echo signals from the buffer-sample interface.
Other reference path approaches applied for acoustic liquid density measurements also exist. Püttmer et al. [5] used a buffer on the backside of the transducer element, allowing the transducer element to sense the transmitted signal amplitude, as reflected from the backside buffer-air interface. Adamowski et al. [6] - [8] actually used the ABC method by including a large diameter membrane receiver between 2 buffer rods in front of the transmitter element for the elimination of the sound field diffraction effect. Hirnschrodt et al. [9] , [10] used a solid layer separating a reference liquid and a test liquid for increased sensitivity, due to the behavior of the solid layer as "invisible" at given frequencies of the incident sound field, making the solid layer appear a half-wavelength thick. Delsing et al. [11] - [13] used 2 buffers of different materials between the transducer element and the liquid.
In addition to being able to give the acoustic impedance of the sample, along with the buffer and the liquid sound speeds, the sample density and, thereby, the adiabatic compressibility, the ABC method of Papadakis [4] can be used for fluid characterization, because it can also give the sample attenuation. Therefore, it was decided to try to further develop this method, and at the same time obtain reduced influence from the aforementioned weaknesses concerning this method. This led to the development of 2 new generic approaches for the measurement of the reflection coefficient, from which some of the proposed methods were shown to possess lower uncertainty than the ABC Fig. 1 . Schematic view of the proposed measurement principle containing 2 transducers in addition to 2 buffers enclosing the sample liquid. Only the operational mode of using Transducer A in pulseecho mode is indicated.
method. This was based on analysis of uncertainty contributions from bit resolution and noise only [14] .
The further development was performed by using 2 buffers enclosing the liquid in a symmetrical arrangement, with a transducer fixed to each of the buffers, according to Fig. 1 .
Section II presents the measurement principle. The instrumentation setup is given in Section III, along with a description of the acquisition system and the calibration approach used. Section IV discusses the signal processing approach and the use of diffraction correction, and Section V presents the measurement cell's mechanical and dimensional design. Section VI presents the measurement results for distilled water and for various calibration oils, which have densities accurately characterized versus temperature. A limited uncertainty analysis is given in Section VII. In Section VIII, the discussion is given, and conclusions are given in Section IX.
II. Measurement Principle
The description of the measuring principle can be given with respect to Fig. 1 , which is seen to consist of one transducer operating in pulse-echo mode (transducer A), together with a receive transducer operating in a throughtransmission mode in the other end of the measuring cell (transducer B). The operation can also be reversed, using transducer B in pulse-echo mode, with transducer A as a receiver. The buffers are assumed to be identical, i.e., to have the same dimensions and be made of the same material. In the following, transducer A will be assumed to operate in pulse-echo mode (Tx-transducer), while transducer B will be assumed to operate as a receiver (Rxtransducer).
Here, a maximum number of 3 echo signals on each transducer will be assumed throughout for the analysis.
Measurements by only 2 of the relative amplitude approach methods as given in [14] will here be presented. These are the ABC method of Papadakis [4] using only one transducer, and the newly proposed R echo12 12 method using the first 2 echo signals from both transducers. See [14] , (44), with b = −2 and d = 0 for the ABC method, 
(1)
for the ABC and for the R echo12 12 method, respectively. Using a buffer rod configuration measurement cell, the reflection coefficient can be obtained from the acoustic impedance of the buffer and of the liquid, using the planewave expression for the reflection coefficient according to
from which the liquid density can be expressed as
The liquid density is therefore seen to depend on the sound speed and the density of the buffer in a proportional manner, whereas it is inversely proportional to the sound speed of the liquid. The liquid density is seen to depend on the reflection coefficient in a nonlinear manner.
III. Instrumentation

A. Introduction
A block diagram of the measuring system is given in Fig. 2 . The main components are a function generator (Agilent 33220A, Agilent Technologies, Santa Clara, CA), 2 broadband ultrasound transducers (Panametrics 1 diameter immersion type Videoscan V307-SU 5.0 MHz center frequency, Olympus NDT, Waltham, MA), a measurement cell (described later), a high-speed digitizing oscilloscope (Agilent 54642A, 500 MHz bandwidth, Agilent Technologies), 2 custom-made low noise preamplifiers for signal accommodation, and a PC for control and analysis of the measurements. The measuring cell was placed in a thermostat-regulated water bath keeping the temperature at a given level.
B. Operational Cycle
The operational cycle can be described in the following way: The generator feeds the transmit transducer with a sinusoidal burst of a predetermined number of periods through a connection network. This process continues for a predetermined number of times, where the acquisition is performed in a coherent fashion by the oscilloscope. The custom-made low-noise preamplifiers were used to accommodate the signal levels to suitable levels for the acquisition by the oscilloscope, and the measured data were presented to the PC over the RS232 serial interface. The preamplifiers have a gain of approximately 50 dB and a gain-bandwidth product of 1 GHz.
C. Electronic System
The simplest possible form of the connection network consists of a direct connection between the function generator, the Tx-transducer, and the Tx-amplifier, where the 50 Ω output resistance of the function generator serves to avoid complete damping of the received echo signals from the Tx-transducer. However, the noise level experienced for such a direct connection, particularly at the Txtransducer, was seen to be quite high. This noise level was found not to be influenced by the excitation level directly, but to the range of the excitation level as correlated to some internal relay setting in the function generator. To improve the signal-to-noise-ratio (SNR), a switch arrangement was designed according to Fig. 3 .
The switching network consists of an arrangement of 2 switches connected in series with opposite action, with the Tx-transducer connection in-between. The operational mode of the switches is as follows: The Tx-switch is initially active, making a connection between the signal source and the Tx-transducer. After the source has fed the Tx-transducer with the predetermined number of periods, the Tx-switch is opened and the Rx-switch is closed to let the echo signals be acquired. Then the Rx-switch opens and the Tx-switch closes for the next operational cycle. The switches are of the break-before-make type.
The switching network was implemented based on a Supertex HV20720 high-voltage switch with a relatively high on-resistance of 22 Ω, and with a 5 µs turn-on and turn-off time.
In addition, a buffer amplifier with high current drive capacity (LT1210, Linear Technology, Milpitas, CA) was used to obtain a low output impedance. Also, at the receiver end, a low-noise preamplifier (LT1226, Linear Technology) accommodated the signal levels, and an LT1210 buffer was used to drive some short length 50 Ω coaxial cables connecting to the oscilloscope inputs, which were used in 1 MΩ input impedance mode. Due to the given offset range for the oscilloscope, the maximum echo signal had to exceed a peak-to-peak voltage of 1.6 V on the Tx oscilloscope channel.
D. Temperature Measurement System
The temperature measuring system was based on a Hart Scientific 5665 Thermistor Probe and a Hart Scientific 5611 Thermistor Probe (Hart Scientific, American Fork, UT), both of which have an uncertainty of 0.01
• C. The choice of which probe to use was dictated by the path length of the liquid layer. The given probe was inserted into the sample liquid without interfering with the sound field. The temperature reading device was a 6 1 / 2 digit digital multimeter (Agilent 34401A, Agilent Technologies) operating in a 4-wire configuration, adding a negligible uncertainty to the temperature measurement compared with the given probe uncertainty.
E. Acquisition Phase
The pulse-repetition rate was set at approximately 100 Hz for the received echoes to die completely out before excitation of the next burst cycle. The echo sequence was averaged a given number of times by the oscilloscope being externally triggered by the function generator, using a sampling rate of 500 MSa/s. The oscilloscope can give out 2000 measuring points in average mode, using a built-in decimation and interpolation procedure, resulting in a raw data time resolution in the range of 15 to 17 ns for the measuring cells used. The oscilloscope was used in a bandwidth limit mode having a 25 MHz cutoff low-pass characteristic. The effect of the oscilloscope built-in lowpass filter was to reduce the bandwidth from the 250 MHz Nyquist rate, giving a 3 dB increase in the SNR for each divide-by-2 factor of cutoff frequency [15] . This gave an increase in SNR of approximately 13 dB beyond the wideband characteristic. The oscilloscope has a basic voltage resolution of 8 bits. Using the average mode, and using measurements on repetitive signals, however, the voltage resolution can be increased to 12 bits maximum, depending on the number of averages used. For each 4-fold increase in the number of averages, one bit of voltage resolution is gained [16] , implying an average of 256 for obtaining 12 bits of resolution. The average temperature along with the min/max values during the collection of the acoustic echo signals involved were also acquired.
F. Calibration
As seen from (4), the following parameters must be known to measure the liquid density: the buffer acoustic impedance (density and sound speed), liquid sound speed, and the reflection coefficient. The calibration approach used involves obtaining the liquid path length from the distilled water's sound speed dependence on temperature, as given by a 5th order polynomial presented by Marczak [17] . The buffer density was measured by a weighing procedure at Teknologisk Institutt,Ågotnes, Norway, at 2 different temperatures as given in Table I , with an absolute uncertainty of less than 36 ppm. A linear fit was used between those temperatures. Then, the acoustic impedance of the buffer versus temperature was found using the measured dimensions of the buffers, along with the measured temperature and the measured sound speeds of the buffers.
Note that the measurement cell may be operated empty, to obtain the acoustic impedance of the buffer material using this approach. However, this was not performed in this work. By performing the calibration in this manner, a semiabsolute calibration approach is introduced, in which the only acoustic parameter necessary to be measured is the buffer sound speed, in addition to the measured temperature. This means that the normal calibration approach of using the acoustic impedance of distilled water for obtaining the acoustic impedance of the buffer material is avoided, because it is known to suffer from dependency on the actual transmit waveform [18] to a larger extent than for the proposed calibration approach. This is believed to be due to using the same diffraction correction for different pulse lengths, for example.
IV. Signal Processing
A. Sound Speed
The sound speeds in the buffers and in the liquid can be found by use of the 2-way propagation time difference ∆t i,j of the respective echo signals for the indicated medium n = 1, 2, 3, see Fig. 1 . The index i represents the local maximum and minimum voltage values of the time trace, where a total of M such voltage extreme values are considered, and j is the individual shot number (signal trace), out of a total number of N shots to be averaged. The sound speed can be given as
where ∆t diff is the temporal correction due to diffraction. The averaged sound speed over a complete burst signal can be given as
The sound speed averaged over N shots can therefore be given as
From Fig. 1 , it is assumed that the echo signals used in the calculation of the reflection coefficient are free from possible effects due to reverberation from the transducer internals, because the transducers are not involved in the reflection process. This applies throughout, except for the multiple buffer signals used in the measurement of the buffer sound speed. Also it should be noted that the sound speed of the receive buffer may be susceptible to interference effects, because the receive buffer multiple echo experience contributions from 2 wave paths of the same length, which are 1) multiple reflected in the transmit buffer before the signal traverses through to the receive transducer for detection, and 2) multiple reflected in the receive buffer before the signal gets detected by the receive transducer. Therefore, the buffer sound speed should preferably be measured by the transmit buffer multiple echoes alone along with the length of the buffer. By sequentially transmitting from both sides of the measuring cell, the sound speeds of both buffers were obtained. It should also be noted that the sound speed of the buffers and the liquid were measured simultaneously by signals from each transducer (transmitter and receiver), giving redundancy of the measured parameters.
B. Amplitude Measurements
The reflection coefficient was calculated by 2 differing approaches, where each echo signal's amplitude a(t) (time domain), or A(f ) (frequency domain), was processed according to a time domain approach and to a frequency domain integration approach, respectively. In the time domain approach, the peak-peak values used in obtaining the reflection coefficient may be prone to both wideband noise and to coherent noise. This approach has, however, the inherent benefit that it is not dependent on DC-offsets, as long as the offset is constant throughout the echo pulses considered.
Higuti and Adamowski [8] use a frequency domain integration approach as follows:
This treats the amplitude spectrum according to the l 1 -norm. Here, the Fourier transformation pairs
reflect on the time domain and the frequency domain representations of the echo signals amplitudes. However, in this work, the amplitudes will be processed according to the l 2 -norm as
accentuating the dominant part of the frequency spectrums, making it easier to evaluate the effect of the upper frequency limit, f 2 , as will be shown later. These frequency domain integration methods introduce a spectral averaging approach, reducing the effect of single-frequency interference in the echo signals.
Other methods exist, such as the frequency domain method as used by Adamowski et al. [6] where the reflection coefficient is found from the frequency content of a single bin. However, such an approach seems to have a high sensitivity to wideband noise [8] . Also, a time domain amplitude integral approach [19] may be used according to
using distinct time information from the voltage maxima and minima in the echo signals as integration limits. However, this method was considered to be highly sensitive to DC-offsets in the echo signals and to waveform disturbance effects, because the integration is performed in the time domain with a duration determined by the transmitted burst length.
C. Reflection Coefficient
For the time domain representation of the reflection coefficient, the peak-peak voltage over a given number of periods p is needed, according to
where t p + and t p − are the times for local maximum and minimum values of the time trace a k,j within period p. The reflection coefficient based on period p of a single shot R j,p is calculated according to (1) and (2) for the ABC and for the R echo12 12 method, respectively. The mean reflection coefficient based on a given number of periods is calculated as
Thereafter, the mean reflection coefficient for a given number of shots is found as
For the frequency domain representation, the reflection coefficient is obtained by inserting (10) into (1) and (2), and finally averaging over the number of shots used through (14) .
Because both transducers were used in the acquisition of the echo signals, an approach was assigned to ensure an equivalent importance of each transducer in the transmitting and in the receive operation. This was performed by using both transducers as transmitters in a sequential manner, where the measured sound speeds and the reflection coefficients as obtained using transmission from either side were averaged. Hence, an increased use of averaging and redundancy was introduced. The resulting density can be given by
where the terms in brackets means that they were averaged by considering the values as obtained by transmission from both sides.
D. Least Squares Sense Cubic Spline Approximation
The calculation of sound speeds is described above. To obtain an increased vertical and temporal resolution, and at the same time avoid the possibility of nearby samples having the same voltage value due to the limited vertical resolution of a digitizer, a least squares sense cubic spline approximation was applied. The sound speeds in the buffers and in the sample were obtained by applying a threshold and a time gating on the echo signals. A third order least squares sense cubic spline approximation was used with equal weight given to each individual data point; 1500 splines were used on each time trace consisting of 2000 points, with a raw data time resolution of 17 ns. The processed time resolution from the cubic spline approximation used was 1 ns.
The effect of the cubic spline approximation can be illustrated by simulating the echo signals from a measurement cell with given input parameters, then performing the time and frequency domain processing to obtain the density. The synthetic input waveform used in the simulations is a causal Berlage wavelet of the form [20] 
where B is a constant and H(t) is the Heaviside function. The parameters used are B = 0.5 · 10 15 , m = 2, b = 6 · 10 6 , f 0 = 6 MHz, ϕ 0 = −π/2. The wavelet is given in Fig. 4 .
The simulations were performed in the same manner as the measurements, using a time duration of 34 µs together with a time resolution of 17 ns, giving 2000 sampling points. Simulations are performed by the time domain circuit simulator PSpice (Cadence Design Systems, Inc., San Jose, CA), as given in Fig. 5 , obeying a lossless plane wave propagation. The simulated echo signals were exposed to finite vertical resolution according to
where V ADC is the value of the voltage sample after given a finite vertical resolution, V max is the maximum voltage value in each echo signal in the absolute value sense, V sample is the individual voltage value of the sample, and Q is the number of bits used. The simulation parameters are given in Table II , for the proposed measuring cell, see below. The used signal processing parameters are given in Table III . In Table IV and Table V the processed densities for the R echo12 12 and the ABC method are given versus number of splines and vertical resolution used, for both the time domain and the frequency domain approaches. Because 6 MHz represents the highest output frequency of the function generator used in burst mode, Table IV and  Table V are expected to represent the worst-case characteristics of the frequency range used. The effect of the cubic spline approximation on the estimation of the liquid In these tables, synthetic input data were used using a time resolution of 1 ns, and a frequency of 6 MHz.
and the buffer sound speeds were found to be negligible, using the synthetic input data. It was found that the frequency domain approach gives significantly less density deviation than the time domain approach. The variation in density using 10 to 12 bits and 1000 to 1500 splines for the R echo12 12 method is ±0.03%, and for the ABC method it is within ±0.05% for the frequency domain approach.
E. Frequency Domain Signal Processing
The frequency domain signal processing chain can be described in the following steps: 1) Apply DC-offset correction S DC on the individual echo signals by measuring the average voltage value in a short time window just before the appearance of the first echo signal on each channel. 2) Apply a frequency independent amplitude diffraction correction factor S diff for each echo signal. 3) Multiply the individual echo signals by a Hanning window function w(t) to reduce the spectral leakage. This was performed in a coherent fashion, so that the win- dow function was applied to the same relative point in all the echo signals. The placement of the window function moves throughout the bursts according to which periods are used in the signal processing. 4) Apply zero padding for each echo until a desired frequency resolution was achieved, and thereafter perform the FFT-operation. 5) Integrate the individual frequency spectrums by the triangular method according to the given norm so that the frequency domain reflection coefficient was obtained.
These steps can be further described theoretically according to
where s(t) is the cubic spline approximation of the sampled trace, and a k,j (t) expresses the resulting time domain signal after exposure to the window function, the DC-offset correction, and the amplitude diffraction correction; t w is the corresponding delay of the window function. By using the Fourier transformation pairs
the frequency domain description is obtained according to
with * describing the convolution operator. Then, the resulting frequency domain integration amplitudes can be obtained according to (10) . For the measurement of the reflection coefficient to be performed in a comparable fashion between the time domain and the frequency domain approaches, an integer number of periods in the bursts was used at the processing stage. This is a necessary condition for the time domain approach as it uses peak-to-peak values, because otherwise DC-offsets would contribute, but for the frequency domain approach a single half-period in each echo signal could be used for the calculation of the reflection coefficient. This behavior is better explained in Fig. 6 using only one period of processing for the burst waveform shown.
For each centration of the window function (see Fig. 6 ), a value for the reflection coefficient is obtained. In practice, the reflection coefficients originating from various voltage extreme values in the bursts are averaged. The placement of the window function dictates its width limited in one end by the start of the acquisition window and in the other end by not extending across nearby echo signals. The width also determines the spectral characteristic of the echo signals considered, with a wide window giving a band pass behavior, and a narrow width giving a low pass behavior, effectively weighting the frequency range differently.
The effect of the upper frequency limit on the norm used, see (8) and (10), can be visualized according to Fig. 7 , where the processed density versus frequency is given based on a synthetic echo sequence using a 5 period, 8) ), using the l 1 -norm using synthetic input data. The lower frequency limit was equal to zero. The density reference value is 1000 kg/m 3 . The different curves represent density as obtained from the various voltage extreme values in the bursts.
6 MHz burst for the l 1 -norm, with the corresponding result using the l 2 -norm shown in Fig. 8 . In these figures, a processed density curve versus the upper frequency limit is given for each of the voltage extreme values in the burst. The lower frequency limit was set equal to zero.
It is seen that the l 2 -norm has a flatter characteristic versus upper frequency limit above the transmit frequency of the burst than the l 1 -norm, making it easier to set an upper frequency limit in the signal processing. The choice of the lower frequency limit was found through simulations not to influence the processed density.
The use of the triangular integration method instead of the standard Matlab (The MathWorks, Natick, MA) quadrature integration routine greatly speeded up the processing. Also, the effect of the frequency resolution using the triangular integration routine is seen in Fig. 9 to be negligible in a very wide range while only a minor difference in processing speed was found.
The effect of using one period of the Berlage wavelet throughout the pulse is given in Fig. 10 , where using the first period shows a significantly increased deviation from (10)), using the l 2 -norm using synthetic input data. The lower frequency limit was equal to zero. The density reference value is 1000 kg/m 3 . The different curves represent density as obtained from the various voltage extreme values in the bursts. Fig. 9 . Typical processed density versus frequency resolution using synthetic input data and the frequency domain processing approach. The density reference value is 1000 kg/m 3 .
the reference value compared with the rest of the pulse. The reason for this behavior must be attributed to the reflection coefficient, because the sound speeds shows negligible deviation throughout the pulse. Due to a reduced effective bit resolution of the first period of the wavelet, the reflection coefficient suffers an increased uncertainty of the first period compared with the rest of the pulse, as is evident from Fig. 4 . This behavior has been verified also against experimental data, and as a consequence, the first period in the pulse was ignored at the processing stage. The time domain processing is seen to yield significantly increased deviations from the reference value as compared with the frequency domain processing.
F. Diffraction Correction
To account for the beam spreading in the buffers and in the sample liquid, a single-frequency diffraction correction method was used, based on the carrier frequency of the signal. The exact Williams integral expression [21] is used for Fig. 10 . Processed density based on synthetic input data for the R echo12 12 method and for the ABC method, using both a time domain and a frequency domain signal processing. The effect of using one period of the Berlage wavelet throughout the pulse is given. The density reference value is 1000 kg/m 3 . the calculation of diffraction in an isotropic and homogeneous lossless medium placed between 2 circular transducers of the same diameter with an axially concentric alignment. Continuous waves are assumed in this approach. Because several echo signals that have propagated different distances and through different mediums are used, the total propagation length was obtained using the Papadakis method [22] , which is more fully described in [23] , [24] .
V. Mechanical and Dimensional Design
A. Buffer Material
The acoustic impedance of the buffer material is an important parameter for determining the sensitivity of the measurement system. A low acoustic impedance material such as Perspex gives a high sensitivity due to better impedance matching against liquids, but may suffer from robustness and protection against aggressive liquids. A high acoustic impedance buffer such as stainless steel gives a low sensitivity. In this work, an aluminum quality 6082-T6 was used for the evaluation of the measurement principle due to the easy manufacture and because alternative materials with matching acoustical parameters are available [25] . These include the workable ceramic material Zerodur and the quartz glass, because they possess significantly more robust behavior than aluminum when exposed to different liquids.
B. Wave Propagation in Solids
A high temporal resolution for the measurement of sound speeds along with a high bit resolution of the echo signals is required to represent the measured signals as well as possible. This is obtained by avoiding interfering signals. To be able to achieve the maximum purity signals sought for, the following well-known wave-propagation effects in solids [26] must be accounted for: compression plane wave, compression edge wave, and shear edge wave. These waves get mode converted at interfaces where a solid meets a solid or a fluid. An example of the mode converted echo signals for an empty (air-filled) measurement cell of the dimensions given in Table VII is shown in Fig. 11 , in which the switching arrangement was not used. Interference with such signals should be avoided.
C. Acoustic Characterization of the Buffer
By measuring the compressional and the shear wave sound speeds in the buffer (c 1 and c 1s , respectively) using the arrival times of the echo signals from Fig. 11 , the Poisson's ratio ν may be obtained from
The Poisson's ratio, in combination with either the compressional or the shear wave sound speeds in the buffer, gives the Young's modulus (E) for the buffer, assuming the density is known, e.g., from Table I . Measured results are given in Table VI for a circular buffer with a length of 80 mm and a diameter of 205 mm, which are in reasonable agreement with literature values [27] for the Poisson's ratio and the Young's modulus for this material. The shear wave sound speed is found from
where t mode is the time of arrival of the first mode converted echo signal relative to the start of the transmit signal.
After having acoustically characterized the buffer material, one can approach the process of obtaining the optimum dimensions of the measurement cell.
D. Dimensional Considerations
To be able to obtain maximum purity signals from a measuring cell according to the proposed measuring principle, the following dimensional considerations were identified as necessary: 1) None of the liquid echoes shall be overlapping.
2) The liquid echo signals involved for the various methods shall be detected before the multiple buffer echo signal is detected.
3) The transducer rim generated shear wave, which gets mode converted and reflected from the transmit buffer-liquid interface as a compressional wave, shall not interfere with the liquid echoes, arriving after the receipt of the last liquid echo to be used, which is A 2 for the R echo12 12 method, and A 3 for the ABC method. 4) The transducer rim generated compressional wave burst reflected at the cylindrical end at the corner of the buffer shall return to the transmit transducer after the receipt of the last echo signal used for obtaining the reflection coefficient.
The equations describing these characteristics can be given as
for the liquid echoes being nonoverlapping, where t burst is the combined duration of the transmit burst and the transducer ring-down. For placing the multiple buffer echo signal after the liquid echoes A 2 and A 3 , respectively, it is found that
is relevant for the R echo12 12 method, and that
is relevant for the ABC method. For the mode converted echo signal from the buffer-liquid interface to be situated after the A 2 echo signal, the following constraint exists:
where the shear wave sound speed in the buffers is given as
and with the shear modulus µ given as a function of the Young's modulus and the Poisson's ratio as For the mode converted echo signal to be situated after the A 3 echo signal, it is found that
By accounting for considerations 1 through 3 above, the combined allowed range for the liquid layer thickness is given in Fig. 12 . There, a range of liquid sound speed of 1100 to 1550 m/s was assumed. This range covers pure water to a temperature of approximately 50
• C, and in the lower range it covers most hydrocarbons of n-alkanes, 1-alkanes, and naphthenes [28] , except at elevated temperatures, and silicone oils, which typically have lower sound speeds [29] . In Fig. 12, 3 regions can be identified, with the triangular region 1 covering all of the hatched area corresponding to the R echo12 12 method. Region 2 corresponds to the ABC method, assuming the A 3 signal to appear before the mode-converted signal. Region 3 corresponds to the ABC method limited in the lower range by the mode-converted signal to appear before the A 3 signal, and in the upper range by the A 3 signal to appear before the multiple-buffer signal. From this, the R echo12 12 method is seen to be able to cover a much larger range for the liquid layer and also to use an increased duration of the transmit signal, as compared with the ABC method.
In this work, 2 measuring cells were manufactured using the same buffers, but with different lengths of the liquid chambers. These lengths were based on the allowed liquid layer thicknesses from Fig. 12 for the ABC method. The liquid path lengths chosen were approximately 2.4 mm and 5.7 mm, to use the maximum signal duration.
The minimum radius of the buffers to receive the A 2 echo signal before the signal transmitted from the rim of the transducer to the corner of the buffer and reflected as a compressional wave is given by where l 1r is the buffer radius and R TRD is the radius of the transducer used. Assuming that the A 3 echo signal arrives before the signal transmitted from the rim of the transducer to the corner of the buffer and reflected, the relationship is given by
The range of allowed buffer radius versus echo signal duration is shown in Fig. 13 for liquid layer thicknesses of 2.4 mm and 5.7 mm, and assuming a transducer radius of 12.5 mm. To limit the buffer dimensions, it was decided to use a radius of 102.5 mm, which corresponds to the use of both methods for the 2.4 mm liquid path length, and the 5.7 mm path length for the R echo12 12 method, complying with a signal duration of about 3 µs. It is also seen that the use of the R echo12 12 method makes it possible to reduce the size of the buffers significantly as compared with the ABC method.
E. Measuring Cell
These figures, together with knowledge of the obtainable echo signal duration for a given excitation signal, led to the dimensions given in Table VII for the measurement cell manufacture. The diameter of the liquid sample chamber was 107 mm. No influence of the insertion of the thermistor probe into the liquid was found, probably due to the highly directional sound beam. A schematic cross-sectional view of the measurement cell is given in Fig. 14. The assembly of the cell was performed by using some stainless steel spacers keeping the liquid path length fixed. The measurement cell was tightened by a torque wrench to a torque of 28 Nm. The transducers were fitted snugly into their housings, which were screwed onto the solid end caps by hand so that the transducers got in close contact with the aluminum buffers. A thin layer of Krautkrämer ZGT acoustic coupling paste was inserted on the transducer fronts. The twisting of the transducers against the buffers ensured a uniform thickness of the coupling paste and improved the acoustic coupling.
The liquid filling of the measuring cell was performed for the least viscous liquids by using a syringe in a way that let the liquid pour freely without introducing mixing of the liquid and air in a significant manner. For the most viscous liquid (Cannon N100) a different procedure was necessary. Then, one of the buffers and the measuring chamber were mounted together with the surface of the buffer in a horizontal position. The liquid was then poured directly onto the buffer until it nearly reached the top of the measuring chamber, taking precautions not to fill the liquid inlet. Then, on the complete mounting of the cell, the air inside the chamber was pressed out from the liquid inlet without being mixed with the liquid.
The temperature was kept constant at least 30 min after thermal equilibrium was obtained, before measurements were acquired. Also, the thermostat-regulated water bath includes a stirrer keeping a constant water circulation around the measurement cell.
F. Nonparallelism
The transducer and liquid contact faces of the buffers were lapped and found to be parallel to within 0.01 mm across the diameter, due to the mechanical design and manufacture of the measurement cell, indicating the negligible effect of nonparallelism in this measurement cell. 
VI. Experimental Results
A. Liquids to Be Measured
Several researchers have performed measurements on liquids that span a very large range in densities, ranging from approximately 750 kg/m 3 for alcohols/gasoline to 1260 kg/m 3 for glycerin [8] , [30] . The density of oils, however, is known to span a much smaller range, because the lowest density hydrocarbon is pentane with a density of approximately 670 kg/m 3 , and a high-density hydrocarbon is typically a heavy crude oil having a density of approximately 920 kg/m 3 [31] . Most often, acoustic measurements are compared with reference measurements performed with a calibrated pycnometer [8] , [30] , giving a great flexibility in which to measure liquid. Such pycnometers typically have a relative uncertainty of ±0.1%.
To avoid the uncertainty of the pycnometer, it was found desirable to use liquids with a calibrated density across a certain temperature range. Cannon Instrument Company, State College, PA, [32] supplies certified reference standards from which some general-purpose viscosity standards were used in this work to cover a broad range of shear viscosities. The viscosity standards were supplied in 500 mL bottles, with a density uncertainty of ±0.1 kg/m 3 . The parameters of the Cannon viscosity standards that were used are given in Table VIII . No information about the standards' sound speed or attenuation characteristics were given by the vendor or found in the literature.
The density of distilled water versus temperature is known to have a negligible maximum uncertainty of 0.17 ppm in the temperature range of 0 to 41
• C [33] .
B. Results
Density measurement results for the different liquids are given in Tables IX to XI, with extended measurement results given in [34] . All the measurements were performed at a temperature of 27.44 ± 0.04
• C. As an example of the specific measurement results, the ABC method at 6 MHz using the 5.7 mm cell is given in Table IX , using a frequency domain signal processing. There, the N100 oil is seen to have a significant deviation from the reference value, exceeding 4%. The reason for this large deviation is attributed to the significant waveform distortion observed The liquids used were distilled water, and the N4, N7.5, and the N35 viscosity standards. The N100 oil was excluded due to the mentioned waveform distortion characteristics. The liquids used were distilled water, and the N4, N7.5, N35, and the N100 viscosity standards. [34] . The N100 oil did not show any significant waveform distortion using the 2.4 mm measuring cell. This is illustrated by the attenuation of the A * 3 signal, which is about 10 dB in the 2.4 mm cell at 6 MHz and about 12 dB at 4 MHz using the 5.7 mm cell [34] .
In Tables X and XI the summary results using different frequencies and different measuring methods are given for the 5.7 mm and for the 2.4 mm measuring cell, respectively. Each frequency has 2 columns. The first gives the mean deviation in percent over the 5 liquids presented in Table IX from the density reference values according to
The second column gives half the span in percent between the maximum and the minimum deviation from the reference values, where the span in percent is defined by Span = max 100
This way, the second column can be compared more easily with predicted uncertainties. In Table X , the N100 oil was excluded due to the mentioned waveform distortion characteristics.
For both measuring cells, it was in general found that the systematic deviation from reference values was smaller for the ABC method than for the R echo12 12 method. A possible explanation for this behavior may be due to diffraction correction, because the ABC method uses only one transducer, whereas the R echo12 12 method uses 2 transducers. Because the transducers cannot be expected to have identical sound fields, the added error on the use of identical diffraction correction on different transducers is believed to be responsible for such a behavior. The effect of such a systematic deviation may be reduced by applying a suitable zero-point correction, which may be performed by subtracting the obtained systematic deviation based on measurements on several liquids from the actual measured density for a given liquid.
The measurement span of the density as compared with the respective reference density was found to be within ±0.15% for the R echo12 12 method for both measuring cells at 5 MHz, for both time and frequency processing using liquids with a wide range of shear viscosities. The span using the ABC method was larger than for the R echo12 12 method. This will be seen to be in accordance with the uncertainty analysis in Section VII.
VII. Uncertainty Analysis
The uncertainty analysis is based on the same formalism as given in [14] for the relative amplitude approach, but extended to deal with liquid density instead of reflection coefficient only. Here, the effects of bit resolution and time resolution are studied. The partial derivative approach is used to obtain the expanded relative uncertainty of the density as given in (4) according to
where u indicates the standard uncertainty, and x indicates the mutual uncorrelated variable on which the liquid density depends. A coverage factor k = 2 for a 95% confidence interval was used. For the amplitudes behind the reflection coefficient, a rectangular distribution probability function of the quantization process was assumed [14] . To study the uncertainty characteristics, a relative uncertainty of 0.01% was assigned as an example to both the buffer and the liquid sound speeds, based on using a time resolution of 1 ns from the cubic spline approximation. This is not the total uncertainty, but an effect due to time resolution. The density uncertainty of the buffer was neglected in the following simulations, due to its precisely known value. The simulation parameters of the buffer and the liquid are given in Table II .
The expanded relative uncertainty of liquid density versus the liquid attenuation is given in Fig. 15 assuming a resolution of 12 bits. The expanded relative uncertainty of the R echo12 12 method is seen to be close to the R echo123 123 method given in [14] . It should be mentioned that the implementation of the R echo123 123 method depends on the attenuation of the liquid. Therefore, it is not a straightforward method to use, from a practical point of view.
The expanded relative uncertainty of the ABC method is seen to increase as the attenuation increases at a faster rate than the R echo12 12 method and to also have about double the uncertainty at very low attenuation. The effect of varying bit resolution for the R echo12 12 method is given in Fig. 16 , using a range of 8 to 16 bits. For 12 bits, an expanded relative uncertainty of about 0.2% can be expected, compared with about 0.06% using 14 bits, and 0.03% using a resolution of 16 bits, assuming a low attenuation.
In the results presented here, the effect of noise was ignored.
The effect of noise in addition to bit resolution and time resolution will now be studied. By assigning the same SNR of the first echo signal on each transducer, the expanded relative uncertainty of density versus the SNR ratio can be given as in Fig. 17 , assuming a random noise characteristic. Because the amplitudes of the different signals are widely different, while the random noise characteristic is rather constant throughout the echo signals, a single number of SNR cannot be given. Using measurements performed on distilled water and on the N100 oil, the estimated SNR for each echo signal are given in Table XII for the 5.7 mm A frequency of 5 MHz was used along with an averaging factor of 256, using the 5.7 mm measuring cell. Fig. 18 . Simulated effect of |R| on the expanded relative uncertainty of the liquid density. Zero attenuation was assumed along with 12 bits resolution. The noise characteristics were ignored, and aluminum buffers were assumed.
path length measurement cell. The measured SNR in Table XII was obtained by noting the peak-to-peak values of the signals and the random noise, taking care to avoid systematic noise contributions such as mode conversion and direct electrical cross feed between the transmit and the receive channel. From Table XII the improved SNR of the R echo12 12 method can be seen by referring to the specific amplitude ratios given in (1) and (2) . The expanded relative uncertainty of density versus |R| is given in Fig. 18 . An aluminum buffer was assumed together with a fixed sound speed of the liquid of 1500 m/s. The noise characteristics were ignored. For water, |R| is about 0.83, whereas for typical oils, |R| is about 0.90, and the expanded relative uncertainty is seen to be higher for oils than for water, due to the increased acoustic mismatch of the acoustic impedances. The R echo12 12 method is seen to leap from the ABC method at low values of |R| and approach the lowest uncertainty and case-dependent R echo123 123 method. The R echo12 12 method is therefore seen to possess close to optimum behavior at a wide range of |R|. This is in contrast to the ABC method.
VIII. Discussion
As seen in Fig. 10 , including the first period of the waveforms in the signal processing may give large errors, particularly when using a time domain processing. This has also been observed experimentally where density errors approaching 15% were found using only the first period. This error was found in some cases to be greatly different when transmitting from one side of the cell compared with transmitting from the other end. By avoiding the first period in the signal processing, more equal characteristics were obtained when transmitting from both sides of the measuring cells. This also led to a more proper use of the single-frequency diffraction correction, because part of the transient waveform was avoided.
Using the 5 MHz center frequency of the transducer, a measurement span within ±0.15% was obtained for a wide range of liquid viscosities. This was obtained for both measurement cells and for both the time and the frequency domain processing schemes. Also, by using a zero-point correction factor, the systematic deviation could be reduced for a specific measurement method and signal processing chosen.
IX. Conclusions
A new method for measuring liquid density acoustically using a buffer rod approach was given, with improved uncertainty characteristics relative to the ABC method. The new method facilitates the use of a thicker liquid layer without suffering from interference due to mode conversion and was shown to be significantly less prone to the effect of liquid attenuation. An improved frequency domain integration signal processing approach was suggested using the l 2 -norm, making it easier to set the processing parameters correctly. Using liquids with a wide viscosity range, the measured density span was within ±0.15%. The main achievements are believed to be the experimental verification of the proposed R echo12 12 method in comparison with the ABC method.
